This paper investigates the dynamics of international government bond market integration in six of the G7 economies over two decades leading up to the global crisis. It examines whether such integration had been significant; the extent to which integration at the short and long end of the yield curve differed; the nature of such integration; and the extent of the decoupling of the long rates from short rates. These issues are investigated using the rigorous smooth-transition copula-GARCH model framework. The results show that integration at the long end of the yield curve had been increasing, had become pronounced, and was significantly greater than at the short end. Decoupling between the short and long end of the yield curve was notable, with important implications for the efficacy of monetary policy in the period before the crisis.
Introduction
A large number of explanations have been advanced to explain the global financial and economic crisis that began in the summer of 2007 and gathered pace in the aftermath of the Lehman collapse in September 2008.
2 While factors relating to weakness and lapses in the financial sector regulatory and supervisory framework and inappropriate incentives for financial market participants have been often singled out as the most serious proximate elements, a number of observers have also emphasized underlying elements related to the availability of credit, the stance of monetary policy and a regime shift that appears to have occurred with regard to the impact of monetary policy on the term structure of interest rates. This paper focuses on the narrow issue of the decoupling of short-term policy rates from longer-term bond yields, and the evolution of sovereign bond market integration. This contributes to an understanding of the underlying causes of the crisis, but it is also of interest in its own right and has important implications for issues relating to the efficacy of monetary policy and portfolio diversification.
The paper can also be seen as part of the large and growing literature on financial globalization and the international integration of national financial markets (for the latest survey, see Kose et al., 2009) . There have been a number of studies focusing on the integration of national equity markets, but a smaller, albeit increasing, number of papers examining integration of fixed income markets, particularly of government bond markets (see Laopodis, 2003; Beliu, 2005; Breger and Stovel, 2005; Kim, Moshirian, and Wu, 2006; Clarida, 2007; Davies, 2007; Lamedica and Reno, 2007; Abad et al., 2009; Panchenko and Wu, 2009 ). The latter set of studies generally focuses on integration at the long end of the yield curve, and has been primarily motivated by concerns about diversification benefits. Their broad conclusion is that government bond markets have become more integrated in recent years, but that there are still significant benefits to diversification.
This paper contributes to the latter literature by examining specific issues related to the process of bond market integration, in particular for the major industrial countries, and argues that it is richer and more complicated than most of the existing studies indicate. The reason why the process of integration may be more complex is in part due to the fact of increasing globalization itself, combined with financial market innovation. The ongoing structural changes in the world economy, including in the underlying economic and financial market conditions, raise this complexity further. For instance, following from a suggestion by a number of observers that the home bias in bonds (as well as equities) has diminished, 3 it is not unreasonable to hypothesize that there may well be different degrees of integration at the short and the long end of the government yield curve.
At the short end, the degree of integration is dictated by the fact that monetary policy still holds sway on short-term interest rates and returns. If the business cycles across countries are synchronous and also lead to some synchronicity for policy, returns at the short end may be expected to be highly correlated. Where business cycles diverge, so do such returns. It could still be the case that, abstracting from the state of the cycle, the degree of correlation over this segment has increased over time. But presumably divergent cyclical conditions would continue to matter.
More importantly, this may have little bearing on the correlations at the long end of the curve. If long bond yields are being driven by global investor preferences, global savings and investment, international risk appetite, etc., then despite the term structure considerations, there could be significant sustained divergences between returns at the short and long end. For instance, suppose cyclical conditions between the Euro area and the US diverge, and monetary policy in the former is being tightened while in the latter it is being eased (as was the case until well after the beginnings of the crisis in the summer of 2007). The returns at the short end would diverge, but this may have little or no impact on returns at the long end which may primarily be dictated by global savings-investment balance and capital flows. In this context, it is worth noting the assessment by Greenspan (2007) , just before the crisis, that "in retrospect, global economic forces, which have been building for decades, appear to have gained effective control of the pricing of longer debt maturities. Simple correlations between short-and long-term interest rates in the US remain significant, but have been declining for over a half-century. Asset prices more generally are gradually being decoupled from short-term interest rates."
The goal of this paper is to investigate rigorously the dynamics of international government bond market integration in the largest G7 economies (excluding Japan for reasons noted below) over the last two decades and focus on a number of different aspects. In particular, the paper addresses the following questions for the two decade period leading up to the onset of the crisis: (i) has sovereign bond market integration been increasing? (ii) to what extent did the integration at the short and long end differ? (iii) how did the integration evolve? (iv) did long-term rates decouple from short-term rates?
The paper investigates these issues using the relatively novel but rigorous six-variate smooth-transition copula-GARCH (STCG) model. The smooth transition model per se gives us a convenient method to capture dominant long run trends of correlations in bond yields. In addition, the copula framework allows us to model and estimate marginal and copula models separately, increasing tractability to estimate a model of the magnitude used in this paper. The smooth-transition copula-GARCH framework essentially enables us to analyze the dynamics of correlations in the bond markets in a highly flexible and tractable way.
We apply the STCG model to the short-and long-term yield for G6 countries, namely Canada (CA), France (FR), Germany (GE), Italy (IT), the UK, and the US. It is, however, unrealistic to estimate the model including 12 variables even if we use the copula approach. We therefore consider four subgroups based on the country and type of yields. Two groupings of countries are based on the recent studies by Doyle and Faust (2005) and Stock and Watson (2005) . They analyze the international business cycle dynamics and argue the emergence of two groups, namely the English-speaking (ES) group including CA, the UK, and the US, and the Euro-zone (EZ) countries consisting of FR, GE, and IT. Thus, we estimate the six-variate STCG model for the following four subgroups: (i) short-and long-term yields for the ES countries,
(ii) short-and long-term yields for the EZ countries, (iii) short-term yields for G6 countries, and (iv) long-term yields for G6 countries. This allows a detailed investigation of the market integration dynamics of the yield curve for the G6 countries.
Our empirical results indicate a striking difference in the correlation dynamics between changes in the short-and long-term yield, and between the ES and EZ countries. For the ES countries, short-term rates are correlated only weakly in the period leading up to the crisis. The average correlation among these countries was about 0.16 in the early 1990s, and has shown no significant increase over the past nearly two decades for CA-UK and UK-US pairs. Although the correlation for the CA-US pair increased significantly, its magnitude is still relatively low compared to the correlations between long-term yields. On the other hand, the long-term rates were moderately correlated (with average correlation 0.52) at the beginning of the 1990s.
Strikingly, the long-yield correlation increased significantly and almost linearly throughout the sample period for all country pairs. The average correlation reached 0.84 by 2007, suggesting a very high degree of market integration in these countries' long yields.
For the Euro countries, the basic results are similar. Correlations between short-term yields for FR-IT and GE-IT pairs have been low over the entire sample period; even though for the FR-GE pair the correlation increases in the second sub period (2001) (2002) (2003) (2004) (2005) (2006) (2007) compared to the first (1994) (1995) (1996) (1997) (1998) (1999) (2000) , it remains surprisingly low. In a noticeable contrast, European long-term rates experienced a more striking increase in integration (from 1996 to 1998). The degree of integration between the short-and long-term yield curves varies noticeably: the average correlation among the European short-term rates was 0.20 in 1995 and 0.24 in 2007, while the corresponding values for long-term rates were 0.59 and 0.98, respectively. This difference between the market integration in European short-and long-term bond markets is similar to that in the ES countries, but given the European Monetary Union (EMU), is surprising for the former set of countries.
Our analysis also indicates clear-cut results for decoupling between the short-and long-term yields for the UK, US, FR, and IT. In addition, we show that the correlation between the short-and long-term yields for GE has been very small for the entire sample period. A wide array of tests supports the robustness of the results.
The results suggest that the evolution of interest rates at the short end of the curve up to the onset of the crisis continued to reflect domestic monetary policy as well as domestic economic and financial market conditions, with limited spillovers, while at the long end of the curve, the importance of global conditions and global investor preferences had been paramount.
This leads to some clear implications for the term structure of interest rates in the government securities' markets.
The remainder of the paper is organized as follows: Section 2 briefly discusses a range of economic and financial issues related to the convergence hypothesis, and summarizes the results of existing studies; Section 3 introduces the econometric model and the estimation strategy, while
Section 4 provides the empirical results; Section 5 concludes.
Financial market and economic issues in government securities' markets

Factors underlying convergence
The factors underlying the convergence in bond yields (nominal and real) have received increasing attention in recent years. As Clarida (2007) argues succinctly, a key element had been a decline in "home bias," reducing the preference of investors for domestic bonds and leading to increased international diversification. This change in preferences in turn is considered to reflect a variety of factors: a reduction in hedging costs related to international diversification, and prior to the crisis, lower volatility in country specific inflation and growth rates, reflecting in turn a convergence in the goals and implementation of monetary policy.
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Complementing these factors and perhaps accentuating them has been the role of other structural changes in the world economy and the role of common global shocks. For instance, there is growing evidence that the international trade integration of major emerging markets such as China and India, the accumulation of large foreign exchange reserves, and an increase in the global pool of savings might have had an impact on the convergence of bond yields. There are several different facets of this: higher trade integration and large current account surpluses (in emerging markets as well as oil producing countries) increase the potential resources available for investment. These complement the "excess" savings in some of these economies reflecting in part the domestic economic and financial considerations as well as demographic factors. Given the small size of domestic financial markets in many of the countries with excess savings, the need for international investment and diversification of these assets is evident. This in turn would be expected to have downward pressure on bond yields in all major financial markets (see Hauner and Kumar, 2006) . This would occur both directly as well as through arbitrage opportunities, especially given the fact that while the underlying fiscal sustainability positions in the different G7 countries could be regarded as being quite different (see, for instance, Hauner, Leigh, and Skaarup, 2007) , the likelihood of debt servicing difficulties and outright default was considered to be remote in all countries. In other words, these underlying factors reflecting higher global savings and increased international diversification sustained the downward pressure on bond yields and in their convergence. Such a pressure is seen to be almost invariant to the stance of monetary policy in individual G7 countries.
5
It should be noted that the above argument does not require the assumption of an increasing synchronicity of business cycles in the world. Rather, regardless of the state of the cycle, the level of output gap, the rate of inflation, as well as the associated response of monetary policy in individual countries, structural change would be expected to lead to a convergence in bond yields. A different type of structural change, but with somewhat similar consequences, refers to the formation of the EMU in 1999: in this case, a variety of other factors played a role, but the decline in the home bias was equally marked.
If it is the case that the synchronicity in the business cycle has not increased significantly, then the expectation would be that monetary policy stance could diverge quite substantially among the major industrial countries. This would then mean that short-term interest rates-typically from overnight up to six-month T-bill rates-while exhibiting somewhat higher correlation, could nonetheless continue to diverge. This in turn suggests that the yield curves across the G7 countries are likely to continue to exhibit meaningful divergence, with the long end of the curve becoming ever more correlated and the short end reflecting a much weaker correlation.
A cursory glance at the data supports the above hypothesis. Table 1 reports the sample correlation coefficients between the short-and long-term yields across G7 countries for two subsamples. As can be seen, long-run yields are highly correlated with a marked increase in the comovement between the first and second subsample periods (1994-2000 and 2001-2007, respectively) . At the same time, however, correlations in the short-term interest rates generally remain at much lower level. Note also that correlations between the short-and long-term yields typically become weaker in the latter subsample.
What would be the implications of this analysis for the benefits or otherwise of international diversifications, even among the G7 investors? As Clarida (2007) around 40 basis points (9 percent versus 8.6 percent a year respectively), with lower realized volatility of foreign portfolio (3.6 percent versus 4.3 percent). For the more recent period, the average excess returns to the foreign portfolio declined to just 10 basis points, but the volatility of the foreign portfolio was significantly lower than in the earlier period (in part due to EMU), suggesting that the gains to diversification have continued. He argues that since there continues to be a significant country-specific component to business cycles and bond returns, and there are differences in countries' monetary policy reaction functions, there will remain gains to international diversification.
With regard to underlying causes, it is the case that this convergence has been becoming is the subject of active research. For a discussion of the fiscal aspects of this, see Kumar (2006, 2009). more pronounced over a period that had seen a notable decline in real exchange rate volatility among the G7 economies. Consistent with the earlier study by Fidora et al. (2007) , this suggests that a decline in home bias, attendant upon a reduction in exchange rate risk, may have played a role. However, as noted earlier there does not appear to be an increase in convergence in the business cycles or in the monetary policy stance. This in turn lends support to the hypothesis that the structural change in the world economy or a global shock may have played a role in the convergence process. has not been attempted before and shows that this is a particularly promising approach. The data are the most recent available, and we have paid special attention to the quality of the data. We have also taken into account the trade and financial linkages across countries that may be of special importance in assessing the bond market integration.
The objectives and conclusions of some of the main studies are as follows: Kim, Moshirian, and Wu (2006) examine the relationship between government bond (and stock)
returns across a sample of countries to assess financial market integration. They show that there has been a downward trend in time-varying conditional correlations between bond (and stock market) returns in European countries, Japan, and the US. Their focus is on the impact of the monetary policy integration in Europe that is considered to have created uncertainties and led to a flight to quality.
In an earlier study, the Barr and Priestly (2004) model expected risks and returns on government bonds, allowing for a partial integration of national and world bond markets. Using a conditional asset pricing model that allows variation in the price of risk, they find strong evidence that national markets are only partially integrated into world markets: They find that around one quarter of total expected excess returns are related to local market risk, and the remainder being due to world bond market risk. However, they reject the hypothesis of time-variation in the level of integration. In a follow-up study, Lamedica and Reno (2007) extend Barr and Priestley's (2004) analysis to the EMU period. They find a higher level of integration in all countries except in Japan.
Davies (2007) uses MSCI bond index data to assess the degree of international bond market integration using cointegration techniques. Using daily data for the period 1994 to 2006, the analysis shows that bond markets are governed by a common long run relation that is subject to periodic structural change. The analysis employs regime switching techniques to allow for structural change in the long run equilibrium. By allowing for breaks in the long run relation, the analysis provides evidence of international bond market integration.
Convergence in bond yields in the Euro area
There is significant evidence of a decline in home bias in financial markets in the countries of the Euro area even before the start of the EMU in 1999, and which accelerated over the subsequent period (see, for instance, Balli 2009). As would be expected, there has also been a marked convergence in government bond yields starting in the mid-1990s, reflecting reduced transaction costs following the abolition of various restrictions on nonresidents, increased competition, and nominal convergence flowing from the Maastricht criteria for macroeconomic performance (specifically inflation and long-term rates). Relatedly, the constraints on general government deficit and debt to GDP ratios enshrined in the Stability and Growth Pact led to better fiscal balances and, following the start of the EMU, the introduction of the Euro, and the elimination of exchange rate risk, further improved transparency, reduced transaction costs, and facilitated the convergence of interest rates.
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However, Favero et al. (2010) show that despite the dramatic convergence in bond yields for both sovereign (and corporate) bonds in the transition to the EMU, the persistence of small and variable yield differentials for sovereign debt indicates that Euro area bonds are still not perfect substitutes. They regard this as reflecting not so much a continued market segmentation and even less so liquidity differences, but rather small differences in underlying risk. In a similar vein, utilizing later data and modeling the time varying nature of government bond market integration in the context of multivariate GARCH framework, Balli (2009) also suggests that the appears to have been an increase in Euro area portfolio bias, whereby investors appear to hold a suboptimal proportion of financial assets originating from outside of the Euro area.
The factors underlying the home bias have been investigated at length (see, for instance, Ahearne et al., 2004; Fidora et al., 2007) . These include the effect of transaction and information costs on international portfolio positions, the role of policies and the quality of domestic institutions, and to a lesser extent the role of exchange rate volatility. However, with regard to the latter, Fidora et al. (2007) show that real exchange rate volatility is an important determinant of cross-country differences in bilateral home biases in bonds as well as equities, and that bond home bias is more pronounced than equity home bias. The latter finding is seen to be consistent with the authors' hypothesis of "Markowitz-type international CAPM that financial assets with lower underlying volatility should exhibit a larger home bias." Their empirical analysis based on a large sample of industrial and emerging market countries suggests that a given reduction in real exchange rate volatility is likely to lead to a significant reduction in bond home bias that exceeds the reduction in equity home bias by a factor of 3.
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In the case of the Euro area convergence of bond yields, it has been argued that the default risk of members going into EMU declined significantly reflecting the marked improvement in the countries fiscal positions and the budgetary policy framework more generally.
The latter reflected in large part the need to abide by the Stability and Growth Pact. But the fact that there would be convergence does not say much about its extent or the speed with which it was attained. While bond yields among the "high risk" countries such as Italy had begun to according domestic bond market development and promotion of a regional market a priority. See, for instance, Click and Plummer (2005) . 8 Specifically, for their sample of industrial and emerging market economies, the authors show that a reduction of the monthly real exchange rate volatility from its sample mean to zero reduces bond and equity home bias by around 60 and 20 percentage points, respectively. converge in the run up to EMU and continued to do so afterwards, the mapping between the fiscal consolidation and convergence was far from isomorphic or monotonic. Rather, the decline in underwriting and transaction costs within the Euro area is likely to have played an important role. 9 Nonetheless, even with the increasing convergence in yields, the perceived creditworthiness of the member states shows a considerable amount of variation and, of course, changes over time. This in turn has meant that the convergence, while very strong, may not be perfect. 
Econometric model and the estimation strategy
To assess and analyze the dynamics of correlations in international government bond markets, we use the six-variate smooth-transition copula-GARCH (STCG) model. The smooth transition model per se can give us a convenient method to capture dominant long-run trends of correlations in bond yields. In addition, the copula framework allows us to model and estimate marginal and copula models separately, increasing tractability to estimate a model of the magnitude used in this paper. The smooth-transition copula-GARCH model thus enables us to model the dynamics of correlations in the bond markets in a flexible and tractable way. This section describes the model for margins, copula, and dynamics of correlations successively, and then discusses the estimation strategy.
9 Lane (2006) finds that individual Euro area economies' international bond holdings are heavily weighted towards intra-Euro area holdings, and trade linkages and geographical proximity are seen to be key determinants of intra-Euro area bond holdings. 10 The argument here is analogous to the creditworthiness and the yield spreads for individual states in the United States, or among the Canadian provinces (see, for instance, Bayoumi and Eichengreen, 1998).
The methodology is novel. The only recent application we are aware of, which in part has a somewhat similar approach, is by Berben and Jansen (2005) 
Marginal distributions
According to the copula theory based on Sklar's (1959) theorem, the n -variate joint distribution function ( ) H ⋅ can be written as
Here δ is a parameter vector for the copula, 1 … n , , θ θ are parameter vectors for each marginal distribution, and
K is a parameter vector for the joint distribution. Thus, Eq. (1) indicates that the joint distribution can be decomposed into two parts: marginal distributions 
Copula function
For a copula, or a dependence structure, we simply use the normal copula, which is a copula for multivariate normal distribution and given as follows:
Here ( ) Φ ⋅ is a cumulative distribution function (CDF) of the standard normal distribution and
is a CDF of the n -variate normal distribution with mean 0 and variance-covariance matrix R . In our copula framework, R becomes a correlation matrix with unity along the diagonal elements, since variances are captured by the marginal model. This is relevant because a copula describes only dependence structures, not marginal behaviors. Note that we allow the correlation matrix R to be time dependent to describe the time-varying dependence. The model for the dynamics of correlations is discussed in detail in the next subsection.
We choose the normal copula for several reasons. First, the normal copula is easy to manipulate. As can be seen from the definition of the normal copula of Eq. (3), we need only the normal CDFs to calculate the normal copula. This tractability is essential to estimate large models such as the one in this paper. Second, the normal copula is flexible in the sense that it allows all possible pairs to have different correlations. This is important for our purpose, since we want to impose as few restrictions as possible on the dependence structures. To make this clear, let's consider an Archimedean copula as an alternative. 11 The Archimedean copulas are more attractive than normal copula to describe asymmetric and extreme dependence, since the normal copula can capture only symmetric dependence with no tail dependence as emphasized by, among others, Embrechts, McNeil, and Straumann (2002) . However, when it comes to the extension to more than three dimensions, the normal copula is superior to the Archimedean copulas. Although the multi-variate Archimedean copulas can be easily obtained, they typically have only one or two parameters. In other word, using the multi-variate Archimedean copulas, we have to assume that correlations between all possible pairs are characterized by only one or two parameters, which is most likely a misleading characterization of the correlation structure in government bond markets. Lastly, even if we use the normal copula, our model can accommodate fat-tailness, since we employ the GARCH model with Student's t -disturbance for marginal models. Therefore, our normal copula model is not as restrictive as the multi-variate normal distribution model employed by the most of previous studies in the multi-variate framework.
Dynamics of correlations
To examine the evolution of bond market integration, we need to specify a model for the dynamics of correlations. To this end, we adopt the smooth transition model established by Teräsvirta (1994) in an autoregressive model framework. With the smooth transition framework we can model the copula parameters, or the correlation matrix as 1 2
(1 )
In other words, we assume that there are two correlation regimes and the regime transition is governed by a transition function, t G . The transition function is often modeled by the logistic function as
where t ξ is a transition variable, and γ and c are smoothness and location parameters, respectively. Note that since the transition function t G takes values between 0 and 1, as long as 1 R and 2 R are correlation matrices, t R will be a correlation matrix as well.
For a transition variable, following Lin and Teräsvirta (1994) Another attractive feature of the smooth transition models is that they can allow data to choose the pattern of transition. The change is abrupt for large values of γ , while the transition is gradual for small values of γ . Furthermore, the location parameter c can adjust the location of the reflection point. Thus, the smooth transition model can describe a wide variety of patterns of change and select empirically the best pattern for the international bond market data, which is particularly attractive for our purpose.
Note that each correlation matrix has ( 1) 2 n n − / parameters and the transition function has two parameters. Thus, our copula specification of Eqs. (3) to (5) 
Estimation strategy
Since we have fully specified the model, we can derive the (conditional) log-likelihood function ( ) l θ to implement the maximum likelihood estimation (MLE). In a copula framework, we differentiate the joint distribution (1) with respect to 1 … n x x , , to get the joint density of 
Here ( ) c ⋅ is a density function of copula defined as
and 1 … n f f , , are density functions of each marginal. Thus, the log-likelihood function ( ) l θ can be obtained from Eq. (6) 
In our specification, the copula density c of Eq. (7) can be represented as
where n R φ is a density function of n -variate normal distribution with mean 0 and variance-covariance matrix R , and φ is a density of the standard normal distribution. calculate the MLE for copula parameters using this quasi-likelihood. Patton (2006b) shows that the MSMLE is asymptotically normal and as efficient as the true MLE under some regularity conditions.
Another advantage of the MSMLE is that we can use all available data rather than the overlapping data. As discussed in the next section, the availability of our data differs from country to country. Therefore, if we use the usual MLE, we have to make each sample size even by discarding a portion of samples other than overlapping data. Using the MSMLE, we can use all available data, which may increase the accuracy of parameter estimates for marginal distributions.
One concern using the MSMLE is to evaluate the standard errors of the MSMLE. Patton (2006b) provides the robust consistent estimator for the asymptotic variance-covariance matrix of the MSMLE for the bi-variate case. Theoretically, it can be easily extended to the multi-variate case and used to evaluate standard errors, but in practice it is a formidable task to calculate it accurately, in particular, when the number of parameters is large. For this reason, we use the usual standard errors obtained in each stage of calculating the MSMLE as the approximate standard errors for the MSMLE. This is innocuous for marginal distribution parameters, but not for copula parameters, since we treat parameter estimates for the marginal distributions as given when estimating copula parameters. However, it should not be a serious problem, if sample size is large, which is so in this paper. 
Empirical analysis
Data
The data are initially obtained for daily bond yields adjusted for maturity (obtained from Bloomberg and IMF). Daily data are seen to be desirable to increase the information available for testing the underlying hypotheses. However, as a number of other studies have indicated, serious issues are raised by the differential time-zone effects, with trading hours for markets in North America and Europe overlapping only partially. Indeed as Martens and Poon (2001) show lack of common trading hours and the resultant asynchronous data can lead to a significant downward bias in estimates of correlations. Given this, the data on daily yields are averaged into weekly data, and the bulk of the analysis is undertaken using these weekly averages.
The weekly averages are computed for both short-and long-term government bond yields for G7 countries except Japan (Canada (CA), France (FR), Germany (GE), Italy (IT), UK, and US). We exclude Japan from our analysis, since the unique Japanese low growth and deflation in the Japanese "lost decade" significantly distort the analysis. We use the three-month rate as the short-term rate and ten-year rate as the long-term rate (the only exception is the Canadian short-term rate, proxied by the two-year rate since three-month and six-month rates are not available). The sample period is from January, 1990 to November, 2007 , with the exception of the following; for the UK, the short-rate is available from November 1992, while the short-yield data for GE can be used only from May 1993. In addition, the short-and long-term yields for IT are available from September 1994 and May 1993, respectively. We use the longest sample period in each of the exercises.
We take first differences in the short-and long-term rates of the yield curve to make the series stationary. In addition, changes are more appropriate to use, since we are interested in commensurate movements of monetary policy and global investor preferences, which are reflected by the change of interest rates, rather than the level itself (we do not pursue the issue of cointegration in this paper).
We classify 12 variables (short-and long-term government bond yields rates for G6 countries) into four six-variable groups in order to investigate the dynamics of correlations. This is so for two reasons: first, if all variables are included in one analysis, it is almost impossible to obtain reasonable estimates due to the large number of parameters. Second, in our STCG model analysis, we assume that all variables share the same transition function. We can make this assumption more reasonable by grouping variables with similar characteristics. For the country grouping, we refer to the results of Doyle and Faust (2005) and Stock and Watson (2005), which indicate the emergence of two groups, one consisting of English-speaking (ES) countries and the other of Euro-zone (EZ) countries. We, therefore, consider the following two groups based on countries. The first group corresponds to the ES countries and includes the short-and long-term government bond yields for CA, UK, and US. The second group consists of the short-and long-term government bond yields for EZ countries, namely FR, GE, and IT. In addition, we consider two more groups depending on the type of yield: the third group contains short-term yields for G6 countries, while the fourth group is for long-term yield groups.
Based on these four groups, we examine the evolutions of international government bond market integration from several aspects. For instance, the short end of the yield curve mainly reflects the stance of monetary policy, while the long bond yields are in addition driven by global investors' preference. As discussed earlier, it is very unlikely that the correlation dynamics in the two cases are similar. In particular, the analysis addresses the following questions: (i) has sovereign bond market integration been increasing? (ii) to what extent did the integration at the short and long end differ? (iii) how did the integration evolve? (iv) did long-term rates decouple from short-term rates?
In what follows, we first document the results of marginal models for all countries then report the results of each group's correlation dynamics for the short-and long-term rates.
Results of the marginal model
In this subsection, we document the estimation results of marginal model. We fit the AR(4)-GARCH(1,1) model with Student's t -disturbance of Eq. (2) to the short-and long-term government bond yields for each country. 13 The estimation results indicate that AR parameters are jointly significant for all cases, meaning that both short-and long-term yields are significantly serially correlated. In addition, all results suggest that the GARCH effects are highly statistically significant. Furthermore, estimates of the degree of freedom are very small for most of the cases, indicating the fat-tailness of the disturbance. 14 In particular, for the short-term rates, the degree of freedom is estimated at less than 5 for all countries except CA, whose estimate is 7.2. The long-term rate results are not as striking as those of short-term rates, but still suggest a much fatter distribution than normal distribution with about 6 to 10 degree of freedom estimates for most of the countries. The highest degree of freedom is for the US with about 25, which is still fatter than normal. These results clearly demonstrate the importance of capturing the fat-tailness, hence the superiority of our copula-GARCH approach to the usual multi-variate normal GARCH model. Table 2 reports the results of diagnostic tests based on the standardized residual from the marginal model for each government bond yield. Specifically, we test the serial correlation in the standardized residuals and squared standardized residuals based on the Lyung-Box's Portmanteau tests. If marginal models are correctly specified, the standardized residuals are iid, implying no serial correlation in either original or squared series. The table shows the values of Q -statistic for the Portmanteau test and its p -value using the order up to 5, 10, and 20: most of the results indicate no significant serial correlation with p -values greater than 0.05; in particular, none of them are statistically significant at the 5 percent level for the long-term yields. Although 13 To save space, all parameter estimates are not reported, but are available from the authors upon request.
short-term yields of the US, FR, and GE show some significant serial correlation in the longer horizon, it is extremely difficult to take care of these serial correlations in a parsimonious way.
Overall, the results are acceptable, meaning that our models are satisfactory to describe the marginal behavior of the short-and long-term government bond yields.
Results of the joint model
In this subsection, we present the estimation results of the STCG models, specifically correlation dynamics for government bond yields, to answer the questions noted above. As explained in the previous section, we employ the MSMLE to estimate parameters for smooth-transition normal copula model, meaning that we use the estimation results of the marginal model as given to estimate the joint model. We estimate the six-variate STCG model for four groups: (i) the short-and long-term government bond yields for ES countries, (ii) the shortand long-term government bond yields for EZ countries, (iii) the short-term yields for G6 countries, and (iv) the long-term yields for G6 countries.
The estimation results for the ES country group based on the sample from November 1992 to November 2007 are summarized in Table 3 . There are three country pairs in the group, namely CA-UK, CA-US, and UK-US. Each column of the fourth to sixth column in this table reports the estimation results of each pair's correlation, showing the results for short-term yield followed by the long-term yield. In addition, the results of hypothesis tests for equivalence between each pair's correlations across regimes are documented. For example, correlations of 14 We assume the degree of freedom ν is larger than 4, or the existence of at least fourth order moment to guarantee the asymptotic normality of MLE. If this restriction is bound, we re-estimate the model with setting 4 = ν . CA-UK pair for the short-term yields are estimated at 0.036 and 0.143 with standard errors of 0.083 and 0.055 for regimes 1 and 2, respectively. The null hypothesis of equivalence between these two correlations is not rejected with p -value 0.370. Recall that the correlation changes monotonically from 1 ρ to 2 ρ in our smooth-transition framework, where i ρ is correlation in the regime i . Thus, our results indicate no significant increase in the CA-UK correlation between short-term government bond yields over the sample period. As for the long-term yields, correlations are estimated at 0.051 with standard error 0.174 for regime 1 and at 0.893 with standard error 0.100 for regime 2. The difference in correlations across regimes is highly statistically significant with essentially zero p -value. This is also true for the other two pairs.
Both pairs' correlations for the long-term yields have increased remarkably in regime 2 to around 0.9, while correlations for the short-term yields remain relatively low even for the CA-US pair, whose correlation for the short-term yield shows a marked increase from 0.181 to 0.445.
To highlight the correlation dynamics visually, Figure 1 plots the time series of correlations implied by the estimated smooth-transition normal copula model. As can be seen from the figure, there are noticeable differences in correlation dynamics between the short-term yields (dotted line) and long-term yields (solid line). First, the degree of integration measured by correlation is much higher for the long-term than for the short-term yields. Average correlations for these ES country pairs over the sample period are 0.193 and 0.707 for the short-and long yields, respectively. Second, correlations for the long yields are increasing almost linearly for all three pairs, while correlations for the short yields stay nearly the same level for the CA-UK and UK-US pairs, although the CA-US pair's correlation between the short-term yields shares the same trend as that of the long term yield. As a consequence, the difference in average correlations between the long-and short-term yields has increased from 0.365 to 0.625 during the sample period. These observations provide strong evidence relating to the first three questions stated above for ES countries.
The last three columns in Table 3 report the estimation results for the EZ countries based on the sample from September 1994 to November 2007. As can be seen from the table, the basic results are essentially the same or even more striking for EZ countries; correlations between the long-term yields have increased significantly for all pairs, while the short-term yield correlations for the FR-IT and GE-IT pairs show no significant change, although FR-GE pair has experienced significant increase in correlation between short-term yields. In addition, correlations between long-term yields are much higher than those for the short-term yields. Given the introduction of the Euro in January 1999, these results are more surprising than those for ES countries. We can also confirm these results as well as the correlation dynamics from Figure 1 . As can be seen from the figure, correlations between short-term yields (dotted line) for the FR-IT and GE-IT stay almost at the same level, and if anything decline slightly, although FR-GE show some increase.
On the other hand, the long yields (solid line) experienced a very rapid increase in correlation between 1996 and 1998 for all pairs. This is in contrast to the results for ES countries, which suggest an almost linear increase in correlations between the long-term rates. Overall, our analysis indicates very similar tendency in the degree of, and changes in correlations between government bond yields for ES and EZ countries, but different dynamics in correlations between the long-term yields.
Using the estimation results for the ES and EZ country group, we can examine the possibility of decoupling between the short-and long-term yields. Table 4 reports the results of estimation and hypothesis tests of equivalence for correlations between short-and long-term yields across regimes for each country. The results are clear-cut, indicating a significant decrease in correlations for 4 out of 6 countries. We fail to reject the null of equivalence for correlations for CA and GE; for CA it is most likely due to the use of two-year yields as short-term yields instead of three-month yields; as a result, the correlation between the short-and long term yields for CA is much higher than that for other countries with insignificant decrease across regimes.
For GE, since the correlation between the short-and long-term yields is very small throughout the sample period, it is not unreasonable that we fail to reject the null in that case. These observations can also be confirmed from Figure 2 , which depicts the estimated correlation dynamics between the short-and long-term yields. In addition, Figure 2 indicates that decoupling in ES countries happened almost linearly, whereas decoupling in EZ countries occurred mainly between 1996 and 1998. In summary, our results demonstrate the decoupling of the long-term yields from the short-term yields. This provides strong support of our basic premise: the evolution of interest rates of the short end of the curve continues to reflect primarily domestic monetary policy as well as domestic economic and financial market conditions, while at the long end of the curve, the importance of global conditions and global investor preferences have been paramount.
To provide further evidence of different characteristics in correlation dynamics between the short-and long-term yields, we also investigate the correlation dynamics across the different country groups. To this end, we estimate the joint model for two more groups based on the type of yields for each of the country pairs using the sample from September 1994 to November 2007
for the short-term yields and from May 1993 to November 2007 for the long-term yields. Table 5 summarizes the estimation and hypothesis test results for the short and long rates, respectively.
Since we have already tested the equivalence of correlations within the ES and EZ countries, Table 5 reports the results only for the pairs across each country groups. As can be seen, the results are practically the same as those for within the ES and EZ countries. The significant increase in correlations between the long-term yields can be observed for all pairs, while the short-term yield correlations show no significant change at the 5 percent significance level for all pairs except the US-FR pair. In addition, correlations between long-term yields are much higher than those for the short-term yields. To provide a summary of the intertemporal evolution of these developments and confirm the points visually, Figure 3 plots the time series of average correlations of the short-term yield (dotted line) and the long-term yield (solid line) between one country and other countries. For example, the dotted line in CA panel shows the average correlations between CA's short-term yield and that of other five countries, and so on. As can be seen from the figure, the conclusions are robust for all countries.
Summary and policy implications
Against the backdrop of the most serious global economic and financial crisis since the 1930s, this paper has tried to investigate the dynamics of cross-border government bond market integration in six of the largest G7 economies over almost two decades up to the onset of the crisis. The motivation is to see the extent to which one of the underlying causes of the crisis-that of the loss of traction of monetary policy in influencing long-term rates in the largest economies-is reflected in a decoupling of short-and long-term rates, and also to explore changes in the degree of international integration at the short-and long-end of the yield curve.
We also investigate the dynamics of the evolution of integration. These issues are explored using the novel and rigorous smooth-transition copula-GARCH model that provides a convenient method to capture dominant long-run trends of correlations in bond yields. In addition, the copula framework allows us to model and estimate marginal and copula models separately, increasing tractability.
Our results show a clear weakening of the relationship between the short and long rates for most major industrial countries, with an almost monotonic decline over the last two decades in the case of the US and the UK. At the same time, there was a marked increase in the degree of international integration of long-term rates across most country groups.
Specifically, the estimation results for the ES country group indicate generally no significant increase in the pair-wise correlation between short-term government bond yields, but a highly significant increase with regard to the long-term yields with a much higher degree of correlation than that of short-term yields. Correlations for the long yields increased almost linearly for all three pairs, while correlations for the short yields stayed at nearly the same level for the CA-UK and UK-US pairs, although for the CA-US pair correlation between the short-term yields showed a similar trend as that of the long-term yield.
In the case of the EZ countries, the basic results are essentially the same or even more striking: correlations between the long-term yields have increased significantly for all pairs, while the short-term yield correlations for the FR-IT and GE-IT pairs show no significant change, although the FR-GE pair has experienced a marked increase in correlation between short-term yields. In addition, correlations between long-term yields are much higher than those for the short-term yields.
These results are consistent with the premise that the evolution of short rates reflected primarily domestic monetary policy and domestic economic and financial market conditions, while the long rates were increasingly determined by international investor preferences and global financial market conditions. They are thus compatible with the notion that monetary policy has begun to have much less traction in influencing long rates, which in turn was a contributing factor to the build-up of the asset price bubble in several of the major economies and the ensuing crisis. It is too early to surmise how the crisis will affect the correlations at the short and long end of the yield curve as they existed in mid-to late-2007. However, if fundamental factors that have been instrumental in leading to the outcome discussed in this paper begin to reassert themselves as the crisis wanes, the efficacy of traditional monetary policy will again be called into question, and the issue of diversification for this asset class within the largest economies will need to be reassessed. This table reports the sample correlation coefficients between short-term yields, long-term yields, and short-and long-term yields across English-speaking (ES) and Euro-zone (EZ) countries for two subsamples. The solid line shows the implied correlation for the long-term yields. The dotted line shows the implied correlation for the short-term yields.
